Abstract: A novel environmental friendly, room temperature route using an ionic liquid 1-n-butyl-3-methylimidazolium hydroxide ([BMIM]OH) for the synthesis of Mn 3 O 4 nanoparticles is presented. The product was characterized using Fourier transform infrared spectroscopy, X-ray powder diffraction, and transmission electron microscopy. Phase purity was confirmed by XRD, and X-ray line profile fitting determined a crystallite size of 42 ± 11 nm. TEM analysis revealed various morphologies. EPR measurements have indicated the existence of long-range interactions, due to the wide range of particle sizes and morphologies observed .
Introduction
Transition-metal oxide nanoparticles can exhibit enhanced optical, magnetic and electrical properties as compared to their bulk counterparts, rendering such nanoparticles interesting for a variety of applications [1, 2] . Among magnetic nanoparticles, manganese oxide (Mn 3 O 4 ) as a magnetic transition metal oxide is an important material. It has a wide range of applications as catalyst, ion-exchange medium, molecular adsorbent, and in electrochemical materials and varistors [3] [4] [5] [6] [7] . Furthermore, Mn 3 O 4 has been widely used as the main source of ferrite materials, finding extensive applications in electronics and information technologies. Mn 3 O 4 is known to crystallize in the normal spinel structure with a tetragonal distortion elongated along the c-axis. Manganese ions are placed in the tetrahedral A-sites (Mn 2+ ) and octahedral B-sites (Mn 3+ ). A variety of methods including high temperature sol-gel [8] , sonochemical [9] , co-precipitation [10] , solvothermal [11] , hydrothermal [12] , chemical bath deposition [13] , oxidation [14, 15] , microwave irradiation [16] and surfactant-assisted methods [17] have been reported for its synthesis. Most recently, the synthesis of nano-and microstructured inorganic materials at room temperature in ionic liquids (ILs) has attracted increasing attention because of increasing consciousness in the context of green synthesis as an environment-friendly and economic alternative to the traditional routes, which use toxic organic solvents [18] . ILs are organic salts with low melting temperature (< 100°C), composed of ions, and exhibiting high thermal stability. These liquids have interesting chemical and physical properties including large electrochemical window, high chemical and thermal stability, non-volatility, controlled miscibility, non-flammability, negligible vapor pressure, and good electrical stability for separations [19, 20] and electrochemistry [21] . Ionic liquids can act as solvents for reactants and as morphology templates for the products at the same time, which enables the synthesis of inorganic materials with improved properties [22] . Although ILs are promising solvents for inorganic material synthesis, very few studies have reported the use of these materials for the synthesis of metal oxides [22] [23] [24] [25] .
In this work we present a room temperature, green chemical route for the fabrication of Mn 3 O 4 nanocrystals which is, to the best of our knowledge, the first report of the synthesis of Mn 3 O 4 nanocrystals in ionic liquid media at room temperature.
Experimental Procedures

Synthesis of Mn 3 O 4 nanoparticles at presence of ionic liquid
All chemicals were analytical grade and were used without further purification. Ionic liquid 1-n-butyl-3-methylimidazolium hydroxide, [BMIM]OH, was prepared according to [26] . In a typical procedure Mn(NO 3 ) 2 × 4H 2 O was added to 2.0 g of [BMIM]OH at room temperature.
Then an aliquot of 2M NaOH solution was added. H 2 O 2 (30 w/w %, 5 mL) was added to the mixture drop-wise over a period of 30 min. The brown product was separated by centrifugation, washed with deionized water and then with absolute ethanol, and dried in vacuum overnight.
Characterization
X-ray powder diffraction (XRD) analysis was conducted on a Huber JSODebyeflex 1001 diffractometer operated at 40 kV and 35 mA using Cu K α radiation. Fourier transform infrared (FT-IR) spectra of the samples were recorded with a Perkin Elmer BX FT-IR infrared spectrometer in the range of 4000-400 cm −1 . Transmission electron microscopy (TEM) analysis was performed using a FEI Tecnai G2 Sphera microscope. A drop of diluted sample in alcohol was dripped on the TEM grid and dried before transferring the sample into TEM column for analysis.
A conventional X-band (f = 9.8 GHz) Bruker EMX model EPR spectrometer employing an ac magnetic field (100 kHz) modulation technique was used to record the first derivative absorption signal.
Result and Discussion
In this study, syntheses of Mn 3 O 4 nanocrystals were performed at room temperature, using an environment friendly ionic liquid [BMIM]OH, which was recovered at the end of the synthesis process. The nanoparticles produced were then characterized using XRD for the identification of the crystalline phases present.
XRD Analysis
A typical XRD pattern of the synthesized Mn 3 O 4 powder is shown in Fig. 1 . All diffraction peaks were indexed to tetragonal Mn 3 O 4 (ICDD Card no. . No extra peaks indicating impurities or other forms of manganese oxides were detected. The average size of the crystallites, D, was estimated from the diffraction pattern using line profile fitting as described in Wejrzanowski et al. [27] and Pielaszek [28] . The line profile, shown in Zou et al. [22] reported on the possible formation mechanism of Co 3 O 4 nanoparticles in the presence of ionic liquid at room temperature. They suggested that Ionic liquid acted both as the reaction medium and as an electrical conductor which accelerated electron transfer. The following analogous mechanism is suggested for the formation of Mn 3 O 4 : 
FTIR Analysis
FTIR analysis was performed for the prepared sample. The spectrum is presented in Fig. 2 . Two broad peaks at 3414 and 1620 cm −1 are assigned to O-H stretching and bending modes of adsorbed water. Two absorption bands observed at 625 and 515 cm −1 , are associated with the coupling between Mn-O stretching modes of tetrahedral A-and octahedral B-sites [29, 30] as expected from normal spinel structure. Thus, the FTIR spectrum further confirms that the product is Mn 3 O 4 .
TEM Analysis
Morphologies of synthesized Mn 3 O 4 nanoparticles were investigated by TEM, and a few micrographs are presented in Fig. 3 . A wide dispersion of particle size was detected. A variety of morphologies mainly including spheroid, tetragonal and rod shaped have been observed. Particle size calculations, estimated from the TEM micrographs after counting a minimum of 300 nanoparticles, resulted in the following distribution: 45% spherical nanoparticles with diameters between 58 and 388 nm; 47% cubic particles with size between 85 and 360 nm; and 8% nanorods with aspect ratios in the range of 98 × 360 nm to 104 × 683 nm. A comparison of crystallite size obtained from XRD analysis with the TEM observations reveals the polycrystalline nature of Mn 3 O 4 nanoparticles synthesized using ILs.
Experimental facilities did not allow for a constant dropping rate of H 2 O 2 . This is the most probable cause of the formation of different morphologies. To achieve a single morphology, the dropping rate must be controlled. Chen et al. [14] invetigated the effect of dropping rate of H 2 O 2 on the formation of Mn 3 O 4 nanoparticles.
EPR Analysis
The magnetic properties of the synthesized Mn 3 O 4 were measured using an EPR technique in X band. The spectrum is presented in Fig. 4 . EPR analysis gave some facts about the interactions in nano manganese oxide. Broad EPR lines are observed without hyperfine splitting for Mn +2 and Mn +4 with linewidth of 2787 Gauss and resonance field of 4026 Gauss. This symmetric broad line shows the existence of strongly interacting Mn +2 ions in Mn 3 O 4 which is the result of convolution of different resonance fields due to the distribution of local effective fields during dipolar interactions between particles as suggested by Winkler et al. [31] . Moreover, in our study, the anisotropy resulting from a broad size distribution in the range of 8-680 nm and various morphologies can cause wide range inter-particle and intra-particle interactions. Smaller particles in the product may have magnetically disordered surface comparable with the total volume. These type of structures can be classified as core-shell structures and they include clusters of free spins located at this disordered surface. In our earlier work, we reported on their effects by vibrating sample magnetometry (VSM) for Mn 3 O 4 obtained via different methods [10] . And also Alvarez et al. [32] synthesized and characterized manganese core-shell nanoparticles with average sizes ranging from 5 to 60 nm. All of the above listed factors may cause broad EPR lines and smaller g values (1.55) than the literature g value for Mn 3 O 4 (2.01). This might be due to exchange-coupled systems with unlike spins such as canted spin at particle surfaces, arising from the nature of the core-shell structure.
Conclusion
Mn 3 O 4 nanoparticles have been successfully synthesized by a novel method using an ionic liquid, [BMIM]OH at room temperature. The ionic liquid [BMIM]OH plays an important role in the reaction as the electric conductor medium. This route could be considered as a novel, environmental friendly, and fast method to prepare nanostructured Mn 3 O 4 and similar oxide systems. Phase purity was confirmed by XRD and a crystallite size of 45 ± 11 nm was obtained by x-ray line profile fitting. TEM analysis revealed various morphologies and particle sizes which clearly indicates the polycrystalline nature of observed nanoparticles. Long-range interactions as indicated by the EPR measurements might be due to the wide range of particle sizes and morphologies observed.
